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Abstract
Four-wave mixing (FWM) in optical fibre is a leading technique for generating high-quality pho-
ton pairs. We report the generation of photon pairs by spontaneous FWM in photonic crystal fibre
pumped by a 1.5GHz repetition-rate vertical-external-cavity surface-emitting laser (VECSEL).
The photon pairs exhibit high count rates and a coincidence-to-accidental ratio of over 80. The
VECSEL’s high repetition-rate, high average power, tunability, and small footprint make this an
attractive source for quantum key distribution and photonic quantum-state engineering.
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I. INTRODUCTION
The drive towards photonic quantum-enhanced technologies is placing ever more stringent
demands on the performance of nonclassical light sources [1–3]. However due to their size,
cost, complexity, and limited generation rates it is challenging to incorporate state-of-the-art
photon sources into turn-key systems. Nevertheless in recent years, huge advances have been
made in producing higher-quality single photons from straightforward equipment operating
at room temperature. Optical nonlinearity has been at the forefront of these efforts [4–10].
By propagating a high-intensity laser pulse through a nonlinear medium, pairs of photons
can be spontaneously generated, either through parametric downconversion (PDC), a three-
wave mixing process that requires the presence of χ(2) nonlinearity, or by χ(3)-mediated four-
wave mixing (FWM). The highest-performance sources are usually pumped by Ti:Sapphire
oscillators [11–16], placing them orders of magnitude higher in both complexity and cost than
the attenuated laser sources typically used in commercially-available quantum technologies.
Furthermore, the repetition rate of these lasers, usually 80MHz or so, places a limit on
the rate at which high-quality photon pairs can be delivered by a single source [17]. These
factors present significant obstacles to implementing real-world photonic quantum-enhanced
technologies.
In this paper we demonstrate photon-pair generation through four-wave mixing in a
photonic crystal fibre (PCF) driven by a 1.5GHz modelocked tunable vertical-external-cavity
surface-emitting laser (VECSEL) [18]. VECSELs have not previously been used for photon-
pair generation but are attractive for a number of reasons [19]. Modelocked VECSELs
produce transform-limited ultrafast pulses with peak power in the correct range for photon-
pair generation by FWM in fibre [20]. Modelocking a VECSEL requires a compact cavity
containing only three or four components providing the possibility of very small-footprint
photon-pair sources that require little maintenance. The short cavity results in a high
pulse repetition frequency which could allow an order of magnitude increase in the rate of
pair generation relative to 80MHz laser systems. VECSELs are intrinsically flexible: the
wavelength can be continuously tuned by an intracavity etalon [18]; the repetition rate can
be adjusted without interrupting modelocking by translating the output coupler [21]; and the
wavelength range and pulse duration (and hence the spectral bandwidth) can be changed
by using different semiconductor substrates. Such flexibility gives great scope for optical
2
quantum-state engineering, as discussed towards the end of this paper.
II. FOUR-WAVE MIXING IN PHOTONIC CRYSTAL FIBRE
Photon-pair generation by degenerate FWM involves the annihilation of two photons
and the corresponding creation of a photon pair, known as the signal and idler, at equal
frequency detunings above and below the pump. All that is required is a material providing
χ(3) nonlinearity and sufficient peak power to access the nonlinearity; hence the process is
usually pumped by high-power laser pulses. While the strength of the χ(3) nonlinearity is
orders of magnitude smaller than that available in the equivalent χ(2) pair generation process
– PDC – the ubiquity of the χ(3) nonlinearity makes photon-pair generation by spontaneous
FWM possible in optical fibre, where long interaction lengths are available. This also has
the advantage of generating photon pairs in a well-defined guided mode, ensuring efficient
collection and straightforward interfacing with subsequent fibre components or waveguiding
optical chips [22–24].
FWM in photonic crystal fibre (PCF) is ideally placed to exploit the properties of VEC-
SELs. Unlike many semiconductor lasers, the external cavity endows VECSELs with excep-
tional beam quality allowing efficient coupling into the fundamental mode of a fibre. The
long interaction length and small mode area in fibre means that the peak power required
for photon-pair generation is relatively low; indeed, if the peak power is too high parasitic
nonlinear effects such as Raman scattering will dominate and degrade the quality of the
quantum states produced. The high repetition rate of a modelocked VECSEL means that
even at large average powers the pulse energy is small (∼ 500 pJ) and the peak power com-
mensurately low, which helps to limit unwanted nonlinear effects. Finally, the dispersion of
PCF can be modified during fabrication by selecting the dimensions of the photonic crystal
cladding; coupled with the flexibility in bandwidth and wavelength tunability of VECSELs
this gives significant control over the properties of the generated photon pairs.
When FWM is pumped by a single laser pulse (the degenerate pump case) and all fields
are co-polarised and propagate in the fundamental mode of a fibre, the phasematching
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conditions that govern the generation of photon pairs can be written
2ωp − ωs − ωi = 0 (1)
2kp − ks − ki − 2γP0 = 0 (2)
where angular frequencies ωp,s,i and wavenumbers kp,s,i correspond to the pump, signal, and
idler respectively. γ is the nonlinearity of the fibre and P0 the peak power of the pump.
The resulting quantum state is correlated in photon number but dominated by the vacuum
component; it can be written:
|ΨFWM〉 ∝ |0s, 0i〉+ λ|1s, 1i〉+ λ
2|2s, 2i〉+ · · · (3)
where λ is proportional to P0 and the generation probability for n pairs is P (n) ∝ |λ|
2n [25,
26]. The |0s, 0i〉 term is usually eliminated by heralding (detecting one photon to announce
the presence of the other) or post-selecting on a successful generation event.
In order to generate high-quality photon pairs, we wish to maximise the contribution
from the |1s, 1i〉 component in Equation 3 and minimise the higher-order terms [27]. It is
clear from Equation 3 that although increasing λ by turning up the peak power P0 will yield
a higher pair generation rate, it will also increase the emission rate of two or more pairs
simultaneously. This rapidly degrades the quality of the photon-pair source. As a result,
sources are usually limited to λ ≪ 1 so that the pair generation probability per pulse is
below 1%, limiting the total number of pairs that can be generated per second.
Changing the pump laser repetition rate can reconcile these conflicting demands [28].
Increasing the repetition rate by a factor m reduces the peak power to P0/m and therefore
λ → λ/m, leading to a reduction of order m2 in the relative contribution of multiple-pair
emission compared to singe-pair generation. Although reducing the peak power at constant
average power also reduces the rate of single pairs generated by FWM by a factor ofm, pulsed
FWM sources are anyway forced to operate far below the maximum average power that the
pump laser is capable of delivering. Hence the single-pair generation rate can be restored by
increasing the average pump power, and the ratio of two-pair to one-pair generation events
will still be reduced by a factor of m. Conversely, if the pair generation probability per pulse
is kept constant, increasing the repetition rate allows the pair generation rate to increase
by the same factor m without any impact on the ratio of two-pair to one-pair generation
events.
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III. VERTICAL-EXTERNAL-CAVITY SURFACE-EMITTING LASER
The VECSEL, shown schematically in Figure 1, is an optically pumped, semiconductor
quantum-well laser. The gain chip of the laser, fabricated by NAsP III/V GmbH (Marburg,
Germany), was epitaxially grown on top of a 500µm thick GaAs substrate. It consisted of
an InGaP cap layer, a 12λ/2 thick GaAsP active region containing 11 InGaAs quantum wells
and a 22-pair AlGaAs/AlAs distributed Bragg reflector (DBR) in this order. Solid-liquid
inter-diffusion bonding was used to place a diamond heat spreader in direct thermal contact
with the DBR and a chemical etch was applied to remove the substrate. The structure was
then mounted diamond side down on a water-cooled copper heat-sink maintained at 18 ◦C.
SESAM
808 nm Pump
1.45 % transmission
output coupler
Rotatable 
etalon 
Gain Chip
FIG. 1: Schematic of the laser cavity. See text for details.
The VECSEL was modelocked by incorporating a Semiconductor Saturable Absorber
Mirror (SESAM) into the cavity. The SESAM structure used in this work was provided
by BATOP optoelectronics (SAM-1064-0.7-1ps) and had a modulation depth of 0.4%, a
non-saturable loss of 0.3%, a saturation fluence of 130µJ/cm2 and a damage threshold of
3mJ/cm2. The cavity was completed with a 1.45% transmission, 100mm radius of curvature
(ROC) output coupler.
Pump light is absorbed by the quantum well spacer layers creating carriers that become
localised within the quantum wells. An 808 nm fibre-coupled diode laser was used to pump
the gain chip with 23W of light focused to a 125µm radius spot. In order to match the
absorption of the SESAM to the emission of the gain chip, the SESAM was cooled to -10◦C
5
using a Peltier-cooled heat-sink.
The external cavity formed by the free-standing output coupler and SESAM allows the
insertion of intracavity elements. An uncoated 25µm-thick fused silica etalon was placed
into the VECSEL cavity between the output coupler and the gain chip and held close to the
Brewster angle of the s-polarised laser mode. The thickness of the etalon equates to a free
spectral range (FSR) at normal incidence of 14 nm. The incorporation of the etalon both
stabilised the mode-locked operation and, by rotating the etalon about the Brewster angle,
provided ±4.5 nm of wavelength selectivity around a centre wavelength of 1027 nm.
Performance data are shown in Figure 2. The VECSEL emitted 4.5 ps pulses at a repeti-
tion rate of 1.5 GHz, and was optimised for operation around 1030 nm. The average output
power was 1W corresponding to a peak power of 140W.
IV. GHZ REPETITION-RATE PHOTON-PAIR SOURCE
We have built a source of photon pairs based on the tunable VECSEL reported above
and a PCF fabricated in Bath by the stack-and-draw technique. The PCF used in the
experiments reported here was formed of a solid silica glass core surrounded by a cladding
region formed by a triangular array of air holes in a silica glass matrix. The hole spacing
(pitch) was approximately 3µm and the ratio of hole diameter to pitch was approximately
0.4. Its zero-dispersion wavelength was measured using white-light interferometry to be at
1058 nm and a simulated dispersion profile based on these parameters is shown in Figure 3
[29]. Using a PCF with bespoke dispersion allowed us to generate signal photons around
800 nm where silicon detectors have high efficiency and idler photons within the low-loss
window of conventional telecomms fibre around 1550 nm.
The photon-pair source is shown in Figure 4. The beam from the VECSEL was cleaned
by two long-wave-pass filters to remove any residual 808 nm light originating in the pump
diodes, and passed through two half-wave plates separated by a polarising beamsplitter
for power and polarisation control. The VECSEL pulses were monitored continuously via
pick-off beams directed to a spectrometer and an autocorrelator.
The pump pulses were coupled into and out of the PCF using aspheric lenses. Following
the PCF, a half-wave plate and polariser selected only light co-polarised with the pump. The
signal and idler were split with a dichroic mirror and the residual 1029 nm pump was removed
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FIG. 2: Characterisation of 4.5 ps modelocked VECSEL source emitting 1 W of average
power at 1030 nm: (2(a)) Autocorrelation corresponding to a pulse duration of 4.5 ps.
(2(b)) Optical spectrum corresponding to a centre wavelength of 1029.8 nm. (2(c)) RF
spectrum of the 1st harmonic corresponding to a repetition rate of 1.5 GHz. (2(d)) RF
spectrum of the first four harmonics.
from both arms with additional interference filters. Subsequently both signal and idler passed
through home-built grating monochromators to reduce any remaining background from the
808 nm VECSEL pump diodes, 1029 nm pulses, or spontaneous Raman scattering into the
long-wavelength arm [30] and allow measurement of the signal and idler wavelengths. The
photons were then coupled into conventional single-mode fibre (SMF-28 in the idler arm and
SM800 in the signal arm).
Using CW diode lasers at 780 nm and 1550 nm we measured the total transmission from
the output face of the PCF to the outputs of the single-mode fibres. We found over 90%
loss within the transmission bands of each arm, including all filtering and coupling. Approx-
imately half of this loss originates in the grating monochromators, with the remaining half
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FIG. 3: (a) Modelled PCF group-velocity dispersion (GVD) and (b) corresponding FWM
phasematching. (c) shows a calculated probability density plot for the resulting
two-photon state when pumped at 1029 nm.
dominated by coupling into the single-mode fibres. The matching of the guided mode in the
PCF to the two single-mode fibres was hampered by the chromatic variation in focal length
of the aspheric lens after the PCF; as a result it was necessary to compromise between good
coupling in the long- and short-wavelength arms. Loss from the other components following
the PCF was negligible.
The 800 nm photons were routed through 2m of SM800 to a free-running silicon avalanche
photodiode (Perkin-Elmer SPCM). An InGaAs detector (idQuantique id201) was used to
monitor the 1550 nm arm. It could not be operated in free-running mode and had a maximum
gate frequency of 1MHz – over three orders of magnitude lower than the repetition frequency
of the pump laser. Therefore the output pulses from the Si APD were used to gate the
InGaAs APD. The 1550 nm photons were delayed in 13m of fibre to provide sufficient time
for the InGaAs detector to become active before the corresponding photon arrived. The
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FIG. 4: VECSEL-pumped photon-pair source. See text for details.
count rates from both detectors were monitored by a home-built field-programmable gate
array (FPGA) coincidence counting unit.
Figure 5 shows a typical plot of the InGaAs detector count rate as a function of the
internal delay between the arrival of the trigger pulse and the detection window opening.
With the delay set to 7.5 ns, the detection window of the InGaAs APD encompassed the
arrival times of photons generated by the same pump pulse as those detected at the Si
APD. The height of this peak therefore showed the number of coincidence counts per second
between the signal and idler arms. Away from this peak is a constant background level of
accidental coincidence events arising from uncorrelated generation and detection processes.
The ratio of coincidence counts to accidental background events is known as the coincidence-
to-accidentals ratio or CAR and is a strong indicator of source performance.
The gate width of the InGaAs APD was set to its minimum value of 2.5 ns. Because
the detection events at the Si APD were used to trigger the InGaAs detector, any photons
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FIG. 5: (a) A typical plot of InGaAs APD count rates (equal to the coincidence count
rate) against internal detector delay. (b) Coincidence-to-accidental ratio as a function of
PCF length for average pump powers of 50mW (blue), 100mW (red), and 150mW
(black). Dotted lines are fits proportional to 1/L.
arriving within the gate of the InGaAs detector were registered as coincidence counts and
the width of the coincidence peak was set by the detector gate width. It can be seen from
Figure 5 that the resulting effective coincidence window is less than 2 ns, or approximately
three times the laser repetition period. Therefore for each detection event at the Si APD
there were three possible pump pulses within which any corresponding photons counted by
the InGaAs APD could have originated. Nevertheless, the high-contrast coincidence signal
at 7.5 ns and constant background at all other delays is strong evidence of a correlated
generation process from a single pump pulse as one would expect from FWM. Within the
limitations of the detectors available, there was no possibility of reducing the coincidence
window to a single pump pulse, however suitable avalanche photodiodes have been gated at
over 2GHz [31].
With the pump wavelength set to 1029 nm, the central wavelengths and bandwidths of
the monochromators were adjusted to maximise the CAR. The central wavelengths of signal
and idler were found to be approximately 780 nm and 1515 nm respectively.
In order to optimise the length of the PCF in the photon-pair source, we began with a
6m length of PCF and cut it back while monitoring the CAR. The results for three different
power levels are shown in Figure 5. It can be seen that the CAR was reasonably high at all
times, never dropping below 7. The CAR rose rapidly as the PCF length was reduced below
1m indicating a significant improvement in source performance; the highest measured value
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of the CAR was over 80, using 50mW average pump power and a PCF length of 210mm, and
at an absolute coincidence count rate of almost 1000 pairs/s. This fibre length corresponded
to approximately half the calculated walk-off length between the signal and idler and the
4.5 ps pump pulses (450mm and 340mm respectively).
The absolute count rates were limited by the high level of loss following the PCF, partic-
ularly in the idler arm. Nevertheless the highest recorded coincidence count rate was 9600
pairs/s with a CAR of 19 from 150mW average pump power in a fibre length of 1.15m.
Subtracting the measured accidental coincidence rate (480/s) and taking into account the
loss after the PCF of over 90% in each arm and detection efficiencies of 60% (signal) and 25%
(idler) implies a pair generation rate of at least 6 × 106 pairs/s and a generated brightness
of over 4× 104 pairs/s/mW within bandwidths of approximately 4 nm in the signal arm and
6 nm in the idler.
In future, we expect to be able to reduce the loss and significantly increase the absolute
count rates by moving to an all-fibre spliced system, thereby extending the source perfor-
mance far beyond this proof-of-principle demonstration.
V. ADDITIONAL CAPABILITIES – TUNING AND STATE ENGINEERING
With the PCF reported above, tuning the VECSEL over its full range of 1027± 4.5 nm
would allow generation of photon pairs from 751 – 790 nm (1600 – 1484 nm) for the signal
(idler). More significantly than this, the tunability and bandwidth of the VECSEL can be
exploited for for quantum state engineering – controlling the properties of the photon pairs
and heralded single photons through modification of the fibre dispersion [32]. The one-pair
component of the state that results from FWM can be written
|1s, 1i〉 = |ψ(ωs, ωi)〉 =
∫ ∞
−∞
dωsdωif(ωs, ωi)|ωs, ωi〉, (4)
where f(ωs, ωi) is the two-photon amplitude or joint spectrum. In general this amplitude
contains correlation between the signal and idler in both the frequency and time domains.
The correlation arises because the photons are created together in a parametric process
subject to energy and momentum conservation. As a result, detecting each photon yields
distinguishing information about its twin, projecting the remaining heralded single photons
into mixed quantum states that are largely useless for information-processing tasks.
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In order to herald single photons in pure quantum states the photon-pair amplitude
must be uncorrelated [33]. Producing an uncorrelated two-photon state is not trivial, and
there are two critical requirements: control of the material dispersion and sufficient pump
bandwidth to ensure that energy conservation does not dominate the joint state [34–38].
The VECSEL has enough bandwidth, and, while we can fabricate PCF with a wide range
of different dispersion profiles, fine control of the dispersion is a major challenge. Even a
small degree of of tunability in the pump laser is hugely beneficial to compensate for small
errors in fabrication and allow the precise phasematching requirements to be accessed.
VI. CONCLUSION
FWM in PCF is an attractive method for producing photon pairs for quantum-
information applications, as it combines the simplicity of nonlinear wave-mixing techniques
with guided-wave architecture to allow high-efficiency pair generation. We have demon-
strated a new combination of ultra-high repetition-rate VECSEL and PCF that provides new
possibilities in reducing detrimental multiple-pair emission while maintaining good count
rates and a very high CAR. The small footprint and simplicity of the laser are attractive for
integration while its bandwidth and tunability, in conjunction with the flexible dispersion
offered by PCF, make it amenable to photonic quantum-state engineering.
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